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ABSTRACT:	Theoretical	 concepts	 in	 condensed	 matter	 physics	 are	 typically	 verified	 and	 also	developed	 by	 exploiting	 computer	 simulations	 mostly	 in	 simple	 models.	 Predictions	based	 on	 these	 usually	 isotropic	models	 are	 often	 at	 odds	with	measurement	 results	obtained	 for	 real	materials.	 On	 the	 other	 hand,	 all-atom	 simulations	 are	 complex	 and	time-consuming.	 In	 this	 paper,	 we	 formulate	 a	 new	 strategy	 for	 effective	 molecular	modelling,	 which	 properly	 reflects	 properties	 of	 real	 particles	 by	 using	 quasi-real	molecules	of	simple	but	anisotropic	architecture	and	identifying	the	applicable	range	of	intermolecular	interactions	for	a	given	physical	process	or	quantity.	As	a	demonstration	of	 our	method	 capabilities,	we	 solve	 an	 intriguing	 problem	within	 the	 density	 scaling	idea	that	has	attracted	attention	in	recent	decades	due	to	its	hallmarks	of	universality.	It	demonstrates	that	the	new	strategy	for	molecular	modelling	opens	broad	perspectives	for	simulation	and	theoretical	research,	for	example,	into	unifying	concepts	in	the	glass	transition	physics. 	
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MANUSRIPT:	
	 For	 over	 half	 a	 century	 till	 the	 present	 time	 a	 tremendous	 scientific	 effort	 has	been	made	to	understand	the	nature	of	liquids.	Undeniably,	some	breakthroughs	in	the	research	 on	 the	 liquid-state	were	 from	 computer	 simulations	 of	modelled	 systems	 to	explore	the	behaviours	of	real	materials.1–3	Most	of	the	computational	experiments	were	devoted	 to	 the	 so-called	 simple-liquids	 (i.e.,	 systems	 composed	 of	 many	 particles	interacting	via	radially	symmetric	pair	potential),	exhibiting	some	properties	similar	to	real	 liquids.	However,	 the	 simplicity	of	 the	molecular	architecture	of	 simple-liquids	as	well	as	 the	 intermolecular	 interactions	assumed	raises	 the	question	of	how	well	 these	model	 systems	 can	 capture	 the	 intricate	 thermodynamic	 and	 dynamics	 properties	 of	real	liquids.		 Among	numerous	computational	studies	of	simple-liquids	since	the	latter	part	of	the	 past	 century,	 prevalent	 are	 those	 performed	 with	 the	 intermolecular	 interaction	described	by	the	Lennard-Jones	(LJ)	potential	(and	its	approximation	by	the	soft-sphere	potentials	 valid	 for	 short	 distances	between	molecules).	 The	 reason	 for	 the	unceasing	interest	 in	 the	LJ	systems	 is	 the	availability	of	 theoretical	explanation	of	 the	origins	of	the	repulsive	and	attractive	parts	of	the	potential.	The	repulsive	interaction	is	caused	by	the	 overlapping	 of	 the	 electron	 clouds	 at	 short	 distances,	 whereas	 the	 attractive	interaction	 results	 from	 electrostatic	 interactions	 between	 permanent	 as	 well	 as	induced	 dipole	 moments.4	 Hence,	 the	 use	 of	 the	 LJ	 potential	 (or	 its	 approximations)	enables	 rational	modelling	 of	 the	 physical	 interactions	 between	molecules	 of	 real	 van	der	Waals	liquids.	Consequently,	throughout	the	last	decades,	many	processes	occurring	in	systems	described	by	LJ	or	soft-sphere	potential	have	been	systematically	examined.	The	 research	 revealed	 the	 fascinating	 quasi-universality	 of	 the	 properties5–10	 among	which	is	the	thermodynamic	scaling	of	properties	based	on	nature	of	the	potential.11–14	
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For	 the	 soft-spheres	 with	 the	 inverse	 power	 law	 (IPL)	 potential,	 a	 rigorous	 result	derived	 from	 theory	 is	 that	 all	 structural,	 dynamic,	 and	 transport	 properties	 at	
equilibrium	 for	 a	 given	 system	 are	 functions	 of	 the	 product	 variable15–19,	 T V( )m/3 	,	where	 T 	is	the	temperature,	 V 	is	the	volume	of	the	system,	and	 m 	is	the	power	of	the	IPL	 potential.	 Since	 m 	characterizes	 the	 intermolecular	 potential,	 the	 T V( )m/3 -scaling	makes	the	connection	between	micro	and	macro	properties	of	the	system.	Additionally,	
the	 form	 of	
 
T V( )m/3 -scaling	 implies	 that	 the	 microscopic	 information	 about	intermolecular	 interactions	 can	 be	 obtained	 from	 the	 analysis	 of	 macroscopic	properties,	which	is	remarkably	informative	in	the	context	of	real	materials	for	which	on	the	 intermolecular	 potential	 or	 its	 parameter	 is	 unknown.	 At	 this	 point	 it	 should	 be	
mentioned	 that	 despite	
 
T V( )m/3 -scaling	 is	 valid	 only	 for	 soft-sphere	 systems,	 it	 was	shown	 that	 it	 is	 a	 reasonable	 approximation	 also	 for	 LJ	 systems	 at	 low	 temperatures,	and	hence	at	high	densities20–24,	and	thus	even	for	real	van	der	Waals	liquids.	Therefore,	the	first	experimental	observation	of	quasi-universality	in	real	liquids	firmly	maintains	the	 fascination	of	 researchers	 on	 this	 subject,	 and	make	 it	 one	 of	 the	most	 frequently	studied	 issues	 of	 condensed	 matter	 physics	 over	 the	 last	 twenty	 years.25–29	 Initial	experimental	works	on	the	quasi-universality	of	real	liquids	were	reported	by	Tölle30,31,	who	 analysed	 quasielastic	 neutron	 scattering	 data	 of	 ortho-terphenyl	 (OTP),	 the	canonical	 van	 der	Walls	 liquid,	 and	 pointed	 out	 that	 the	 observed	 dynamic	 crossover	could	 be	 characterized	 by	 an	 effective	 constant	 value	 of	 Tυ4 ,	 where	 υ 	denotes	 the	specific	volume.	The	power	 4 	was	 immediately	related	via	 m / 3 	to	the	exponent	12	of	the	 LJ	 repulsive	 core.	 Motivated	 by	 the	 result	 of	 Tölle,	 Dreyfus	 successfully	 scaled	rotational	relaxation	times,	obtained	from	light-scattering	data	for	different	isotherms	of	
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OTP,	 onto	 a	 single	master	 curve	 as	 a	 function	 of	 Tυ4 .32	 These	 very	 promising	 results	have	 initiated	 intensive	 studies	 of	 the	 molecular	 dynamics	 in	 the	 universality	 of	 the	thermodynamic-scaling	 (or	 the	density-scaling)	 for	 various	 real	materials.	However,	 it	had	been	quickly	pointed	out	by	a	few	research	teams	that	the	power	of	4	in	the	density-scaling	found	for	OTP	is	not	the	same	for	many	tested	glass	formers.33–36	Consequently,	more	general	scaling	rule	were	formulated33–40,	according	to	which	a	dynamic	quantity,	
 X 	(e.g.,	 structural	 relaxation	 time	 τ 	,	 viscosity,	 η ,	 	 or	 diffusion	 constant,	 D )	 	 can	 be	expressed	as	a	function	 f ,	
 
X = f Tυγ( ) ,		 	 	 	 	 	 	 	 	 	 (1)	where	the	density-scaling	exponent,	 γ ,	is	a	material	constant.		At	the	same	time,	parallel	theoretical	 studies	 made	 impact	 on	 the	 understanding	 of	 the	 origin	 of	 observed	differences	 between γ 	and	 its	 expected	 value	 of	 4	 from	 the	 LJ	 potential.	 According	 to	these	 studies,	 γ 	is	 not	 directly	 related	 to	 the	 repulsive	 part	 of	 LJ	 potential,	 but	 to	 its	effective	approximation	at	small	distances	by	the	IPL	potential,	
 
U
IPL
r( ) = ε σ / r( )m + A ,	where	 A 	is	a	constant.	The	reason	why	exponent	 m 	can	differ	 from	12	 is	because	of	a	presence	of	 the	attractive	part	of	 the	potential	 (different	 for	various	materials),	which	causes	that	the	slope	 m 	of	the	effective	potential	at	small	distances	to	differ	from	that	of	its	 pure	 repulsive	 core.22–24,28,41–43	 Consequently,	 it	 explains	why	 the	 scaling	 exponent	
 γ = m / 3 	is	material	dependent,		The	theoretical	explanation	of	the	density-scaling	together	with	the	experimental	observation	 of	 it	 for	more	 than	 100	 liquids	 and	 polymers44	 have	made	 scaling	 of	 the	molecular	 dynamics	 from	 the	 normal	 liquid	 state	 to	 near	 glass	 transition	 an	 inherent	part	 of	 the	 supercooled	 liquid	 physics.	 However,	 the	 complete	 understanding	 of	 its	
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nature	is	still	at	large	because	of	the	following	problem.	The	soft-sphere	potential,	which	lies	 at	 the	 heart	 of	 the	 density-scaling,	 also	 implies	 mutual	 dependence	 of	 the	thermodynamic	quantities.	Based	on	the	IPL	potential,	Bardik	et	al.	derived	an	equation	for	a	dependence	of	pressure	on	volume	at	isothermal	conditions,45	
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where	 pconf = p−NkBT /V 	is	a	configurational	pressure,	 kB 	the	Boltzmann	constant,	 Nthe	 number	 of	 molecules	 in	 a	 system,	
 
p
0
conf ,V
0( ) 	the	 configurational	 pressure	 and	 the	volume	 of	 a	 chosen	 reference	 state,	  B 	a	 temperature	 dependent	 parameter,	 and	
 γEOS = m / 3 .	 It	 is	worth	mentioning	that	the	above	isothermal	form	of	the	equation	of	state	 (EOS)	 has	 been	 successfully	 tested	 for	 model	 systems42	 as	 well	 as	 for	 real	substances.46	Hence,	 the	 result	 of	 γEOS = m / 3 	from	 the	EOS	 relationship,	 implies	 that	
 γEOS = γ 	for	systems	obeying	equation	(2)	and	the	density-scaling,	irrespective	of	either	model	or	real	liquids.	However,	it	was	subsequently	reported	that	the	equality	between	
 γEOS 	and	 γ 	is	not	fulfilled	for	real	materials.46–48	On	the	other	hand,	 γEOS = γ 	was	only	observed	for	model	systems.42	These	facts	lead	to	three	very	fundamental	questions.	(i)	Why	 the	 model	 systems	 do	 not	 exhibit	 the	 inconsistency	 between	 γ 	and	 γEOS ,	 and	consequently	 to	 which	 extent	 the	 model	 systems	 can	 mimic	 the	 behaviour	 of	 real	liquids?	(ii)	Why	the	independent	analysis	of	dynamic	and	thermodynamic	data	lead	to	different	 values	 of	 the	 exponent	 of	 the	 soft-sphere	 potential	 describing	 the	 same	intermolecular	 interactions?	 (iii)	 Which	 parameter,	 γ 	or	 γEOS ,	 is	 associated	 properly	with	 m ?	Hence,	the	disclosure	of	the	reason	for	the	disagreement	between	 γEOS 	and	 γ 	
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in	real	liquids	is	a	key	to	understand	not	only	the	origin	of	density	scaling,	but	also	the	limitation	of	applicability	of	simple-liquids.	The	 latter	 is	especially	essential	because	 it	impacts	on	the	most	essential	mission	of	computer	simulations,	which	is	the	microscopic	understanding	 of	 the	physics	 of	 real	materials	 by	 capturing	 their	 properties	 observed	experimentally.	Providing	 answers	 to	 all	 questions	 posed	 above	 is	 the	main	 aim	 of	 this	 paper.	Based	 on	 the	 new	 strategy	 for	molecular	modelling,	we	 find	 the	 solution	 to	 the	 long-standing	 problem	 of	 the	 inconsistency	 between	 γEOS 	and	 γ ,	 as	 well	 as	 determining	which	one	is	directly	related	to	the	intermolecular	potential.		Hence,	our	work	critically	contributes	to	the	better	understanding	of	the	physics	of	real	substances	by	showing	to	which	 extent	 the	 real	 liquids	 can	 be	 treated	 as	 simple-liquids.	 As	 a	 consequence,	 the	simulation	method	can	be	considered	to	be	groundbreaking	because	it	indicates	the	new	direction	 of	 future	 computational	 studies	 by	 designing	model	 systems	 to	 provide	 the	missing	link	between	the	studies	on	simple-liquids	and	complex	all-atom	simulations.		 The	 most	 significant	 advantage	 of	 simple-liquids	 is	 the	 simplicity	 of	 their	intermolecular	interactions,	making	them	convenient	for	theoretical	study	and,	some	of	their	 features	 can	 be	 directly	 validated	 by	 the	 intermolecular	 potential	 assumed	 as	mentioned	before.		However,	the	use	of	the	spherically	symmetric	potential	implies	that	molecules	 are	 treated	 as	 spheres,	 which	 might	 cause	 some	 critical	 properties	 of	 real	molecules	 not	 captured	 or	 mimicked.	 In	 particular,	 the	 anisotropy	 of	 the	 molecular	shape,	 and	 consequently	 the	 anisotropy	 of	 the	 molecular	 interactions,	 could	 play	 an	important	role	in	thermodynamic	and	dynamic	properties	of	van	der	Waals	liquids.	Thus	possibly	 the	 experimentally	 observed	 differences	 between	 γEOS 	and	 γ 	is	 related	 to	molecular	shape	anisotropy.	This	hypothesis	can	be	verified	using	computer	simulations	
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of	 molecular	 dynamics	 of	 systems	 specially	 designed.	 Molecules	 used	 in	 simulations	should	exhibit	 the	shape	anisotropy,	but	at	 the	same	time	they	should	be	as	simple	as	possible,	 which	 ensures	 that	 the	 influence	 of	 other	 factors	 is	minimized.	 Meeting	 the	conditions	set	forth,	we	created	molecules	comprised	of	four	identical	atoms	arranged	in	a	 rhombus	 shape,	 see	 Figs.	 1a	 and	 1b.	 Additionally,	 to	 increase	 the	 anisotropy	 of	intermolecular	 interactions	of	one	system,	we	added	opposite	charges	to	atoms	placed	along	 the	 longer	 diagonal	 of	 the	 molecule,	 which	 results	 in	 the	 creation	 of	 a	 dipole	moment,	 µ .	Hence	we	obtained	two	systems	of	rhombus-like	molecules	(RLM),	which	to	some	 extent	 duplicate	 the	 flat	 and	 asymmetric	 shape	 of	 the	 real	 molecules	 and	 the	presence	of	dipole	moment.		In	Figs.	1a	and	1b	the	dependence	of	configurational	pressure	on	molar	volume,	
 υmol ,	 are	 presented	 for	 the	 two	 systems.	 The	 values	 of	 γEOS 	determined	 directly	 from	fitting	simulation	data	to	equation	(2)	are	8.96	and	9.58	respectively	for	RLM	molecules	with	and	without	dipole	moment.	It	is	worth	noting	that	equation	(2)	was	generalized	to	the	 form	 describing	 temperature-pressure	 dependence	 of	 volume49,	 in	 which	 the	physical	 meaning	 of	 parameter	 B 	has	 been	 explained,	 i.e.,	 B T( ) = BTconf p0conf( )/ γEOS 	,	where	 BTconf 	is	the	configurational	isothermal	bulk	modulus,	 BTconf = BT −NkT /V .	Since	
 γEOS 	is	connected	with	the	isothermal	bulk	modulus	 BT ,	this	parameter	is	related	to	the	compression	 of	 the	 system.	 Moreover,	 equation	 (2)	 implies	 some	 scaling	 property	 of	volumetric	 data,	 i.e.,	 in	 isothermal	 conditions,	
 
log pconf − p
0
conf( )/B +1( ) 	is	 a	 linear	
function	on	
 
log v
0
/ υ
mol( ) 	with	a	slope	equal	to	 γEOS .	As	presented	in	Figs.	1c	and	1d,	this	scaling	of	volumetric	data	is	very	well	satisfied	for	both	RLM	systems.		
	 8	
The	 values	 of	 the	 density-scaling	 exponent,	 γ ,	 can	 be	 determined	 from	 the	analysis	of	diffusivity.	Equation	(1)	implies	that	the	density-scaling	exponent	is	the	slope	of	 the	 linear	 dependence	 of	
 
log T( ) 	on	
 
log υ( ) 	at	 constant	 D 	presented	 in	 the	 insets	 of	Fig.	2.	As	we	show	in	Fig.	2,	the	estimated	values	of	 γ 	(which	are	equal	to	6.10	for	RLM	without	dipole	moment,	 µ = 0 ,	and	5.03	for	those	possessing	 µ ≠ 0 )	enable	an	almost	perfect	density-scaling	of	 D 	with	 log 1/D( ) 	fall	onto	one	master	curve	independently	of	thermodynamic	conditions.	However,	most	interesting	is	the	fact	that	 γEOS > γ 	for	RLM.	Hence,	 in	 contrast	 to	 the	 simple-liquids,	RLM	behaves	 like	 real	 van	der	Waals	 liquids.		Moreover,	by	additionally	 increasing	 the	anisotropy	of	 interactions,	 the	presence	of	 µ 	makes	the	difference	between	 γEOS 	and	 γ 	even	larger.	Therefore,	we	can	infer	that	the	anisotropy	 of	 the	 molecular	 shape,	 and	 thus	 the	 anisotropy	 of	 their	 intermolecular	interactions,	is	the	cause	of	the	disagreement	between	 γEOS 	and	 γ .		Notwithstanding,	 at	 this	 point	 we	 would	 like	 to	 draw	 attention	 to	 perhaps	 a	puzzling	result	of	our	studies,	which	is	the	fact	that	the	system	with	dipole	moment	 µ 	has	 smaller	 γ 	than	 the	 system	 without	 the.	 This	 fact	 seems	 to	 be	 counter-intuitive	because	dipole-dipole	interactions	are	attractive,	and	thus	the	presence	of	 µ 	makes	the	slope	of	the	repulsive	part	of	the	LJ	potential	steeper.50	Consequently,	one	can	expect	an	increase	 in	 γ 	with	 the	 presence	 of	 µ .	 However,	 this	 reasoning	 is	 applicable	 only	 for	simple-liquids	 because	 it	 does	 not	 take	 into	 account	 anisotropy	 of	 intermolecular	interactions.	 To	 fully	 consider	 the	 discussed	 effect,	 the	 intermolecular	 potential	dependence	 on	 a	 distance	 to	 the	 molecule	 as	 well	 as	 on	 its	 orientation	 need	 to	 be	determined.	It	must	be	stressed	that	in	fact	many-body	interactions	are	considered	(for	the	 two	 RLM	 we	 get	 16	 different	 interactions),	 which	 drastically	 complicates	 the	
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problem.	 Therefore,	 we	 make	 the	 following	 simplification.	 Since	 γ 	is	 related	 to	 the	diffusion	of	 the	centre	of	mass	of	 the	molecule,	 the	 intermolecular	potential	governing	this	 process	 can	be	 expressed	 as	 a	 function	of	 the	distance	between	 the	 centre	 of	 the	given	molecule	 and	 a	 particular	 point	 in	 the	 space,	 rCM .	 For	 simplicity,	we	 reduce	 the	choice	of	the	points	in	the	space,	to	only	three	most	characteristic	directions	relative	to	RLM,	 i.e.,	 along	 both	 diagonals	 of	 RLM	 and	 perpendicular	 to	 the	 plane	 determined	 by	them.	 Then,	 the	 effective	 potential	 between	 two	 centres	 of	 RLM,	
 
U r
CM( ) ,	 is	 the	arithmetic	average	of	the	three	considered	potentials.	In	 Fig.	 3a	 it	 can	 be	 seen	 that	 the	 shape	 of	
 
U r
CM( ) ,	 is	 in	 fact	 less	 steep	 for	molecules	 with	  µ .	 Hence,	 the	 lowering	 of	  γ 	with	 an	 increase	 in	 the	 attractive	intermolecular	 interactions	 by	 the	 gain	 in	 µ 	can	 be	 explained	 using	 the	 proposed	simplification	 of	 many-body	 interactions	 potential.	 Our	 analysis	 reveals	 also	 that	 the	addition	 of	 dipole-dipole	 interactions	 makes	 the	 intermolecular	 potential	 along	 the	longer	diagonal	of	RLM	becoming	indeed	steeper	in	the	studied	density	range	(result	not	presented).	However,	at	the	same	time,	the	potentials	along	the	other	two	directions	are	on	‘the	attractive	part’,	which	overcome	the	aforementioned	effect	of	interactions	along	the	 longer	 diagonal	 of	 RLM,	 and	 result	 in	 a	 flatter	 shape	 of	 the	 mean	 potential.	Consequently,	the	anisotropy	of	intermolecular	interactions	is	a	reason	for	the	observed	decrease	in	 γ with	the	increase	in	the	intermolecular	attraction.		Since	the	behaviour	of	
 
U r
CM( ) 	in	the	presence	of	 µ 	is	consistent	with	the	manner	of	 γ 	and	not	 γEOS 	(we	recall	 that	 γEOS 	increases	with	 µ ),	 the	use	of	 IPL	potential	with	
 m = 3γ 	to	approximate	 U rCM( ) 	is	more	suitable	 than	 that	with	 m = 3γEOS .	As	one	can	see	in	Fig.	3a,	the	employment	of	 m = 3γ 	indeed	results	in	better	(and	almost	perfect)	
	 10	
descriptions	of	the	effective	interactions	potentials.	The	values	of	 m 	equal	to	 3γEOS 	lead	to	 shapes	 of	 IPL	 potentials,	 which	 are	 too	 steep	 and	 thus	 not	 accurately	 describing	
 
U r
CM( ) .	 Hence,	 the	 relationship	 m = 3γ 	is	 true,	 with	 the	 caveat	 that	 the	 effective	intermolecular	 potential	 must	 be	 taken	 into	 account	 for	 complex	molecules.	 The	 real	two-body	 intermolecular	 interactions	 potential	 cannot	 be	 identified	 with	 the	interactions	potential	for	real	van	der	Waals	liquids.	Nevertheless,	the	consideration	of	molecular	architecture	could	lead	to	useful	approximations.	The	 relationship	 between	 γ 	and	 effective	 intermolecular	 potential	 explains	 the	theoretical	 basis	 of	 the	 density	 scaling	 for	 real	 molecules.	 In	 this	 context,	 the	confirmation	of	 the	relation,	 γEOS = m / 3 ,	presents	a	challenge,	although	EOS	(derived	on	the	assumption	of	this	relationship)	works	perfectly	as	shown	in	Fig.	1.	However,	one	could	note	that	the	way	to	estimate	the	resultant	potential,	which	was	suggested	in	the	previous	 paragraph,	 could	 be	 not	 always	 valid,	 especially	 for	 the	 main	 interactions	governing	 the	 system	 volume.	 The	 hint	 to	 the	 above	 conjecture	 can	 be	 given	 by	 the	already	 mentioned	 connection	 between	  γEOS 	and	 the	 bulk	 modulus,	 the	 physical	quantity	characterizing	the	resistance	of	 the	system	to	the	compression.	 In	contrast	 to	the	 diffusion,	 during	 compression,	 not	 only	mutual	 positions	 of	molecules	 change	 but	also	 the	distances	between	 them.	When	 the	one	molecule	moves	 towards	another,	 the	repulsive	 forces	 exerted	 on	 it	 become	 stronger,	 and	 the	 most	 gain	 in	 repulsion	 is	observed	for	atom	closest	to	the	other	molecule	(at	least	for	potentials	with	power	law	for	the	repulsive	term).	Hence,	not	only	the	distances	between	molecules	but	also	their	orientations	 (positions	 of	 the	 nearest	 atoms)	 are	 essential	 for	 the	 interactions	determining	the	changes	of	volume.	The	values	of	the	resultant	intermolecular	potential	between	 the	 centres	 of	 one	molecule	 and	 the	 average	 position	 of	 the	 nearest	 atom	of	
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another	molecule,	
 
U r
NA( ) ,	 for	both	types	of	RLM	are	shown	in	Fig.	3b.	We	can	observe	
that	contrary	to	
 
U r
CM( ) 	the	steepness	of	 U rNA( ) 	increases	with	the	addition	of	 µ ,	which	interestingly	mirrors	the	trend	of	 γEOS 	not	 γ .	However,	the	most	important	conclusion	obtained	 from	 Fig.	 3b	 is	 the	 fact	 that	 the	 approximations	 of	
 
U r
NA( ) 	using	 the	 IPL	potential	with	 m = 3γEOS 	almost	 perfectly	 follow	 the	 calculated	 values	 of	 the	 effective	potential,	 while	 the	 values	 of	 γ 	are	 not	 large	 enough	 to	 reproduce	 the	 steepness	 of	
 
U r
NA( ) 	as	 m = 3γ .	Thus,	the	relationship	 γEOS = m / 3 	turns	out	to	be	true	as	well.	The	difference	 between	  γ 	and	  γEOS ,	 which	 has	 been	 pointed	 out	 for	 real	 materials,	originates	 from	the	 fact	 that	 the	effective	potential	 (which	 is	 the	approximation	of	 the	many-body	interactions)	is	different	for	different	physical	processes,	and	therefore	both	examined	relationships,	 m = 3γ 	and	 m = 3γEOS ,	are	valid.	The	 new	 approach	 to	 molecular	 dynamics	 simulations	 proposed	 by	 us	 has	enabled	to	solve	the	crucial	problem	of	the	quasi-universality	of	density	scaling	for	real	liquids.	 Presented	 results	 suggest	 that	 the	 anisotropy	 of	 intermolecular	 interactions,	which	 invariably	occurs	 for	 real	molecules,	 is	 the	 reason	 for	 the	discrepancy	between	the	scaling	exponents γ ≠ γEOS .	 Interestingly,	the	many-body	interactions	potential	can	be	simplified	to	the	two-body	interactions	potential.	However,	the	key	to	this	operation	is	 to	 consider	not	only	molecular	architecture	but	also	 the	physics	of	processes	under	investigation.	Only	 then	 the	parameter	characterizing	a	given	process	 (e.g.,	 γ 	or	 γEOS )	could	 be	 directly	 related	 to	 the	 effective	 intermolecular	 potential.	 The	 latter	 implies	different	 m 	values	of	its	approximation,	and	then	 γ ≠ γEOS .	However,	the	explanation	of	
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the	reason	for	 γ ≠ γEOS 	is	not	possible	without	applying	the	new	strategy	for	molecular	modelling	 and	 simulations.	 	 The	 point	 is	 to	 project	 quasi-real	 molecules,	 which	exclusively	exhibit	the	examined	property	of	real	particles,	keeping	at	the	same	time	the	modesty	 of	 molecular	 architecture	 and	 interactions	 as	 much	 as	 possible.	 The	 roles	played	in	the	physics	of	liquids	by	the	molecular	shape,	the	orientations	of	their	dipole	moments,	or	 the	stiffness	of	 their	bonds,	are	only	a	 few	examples	 for	possible	studies,	which	are	not	accessible	in	the	case	of	simple-liquids.	Therefore,	our	pioneer	approach	provides	 a	 missing	 link	 between	 simulations	 of	 simple-liquids	 and	 real	 molecules.	Consequently,	 this	 promising	 alternative	 approach	 for	 current	 computer	 simulation	studies	of	the	real	liquids	opens	broad	perspectives	for	further	computational	research,	which	could	bring	many	benefits.		 	
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FIGURES:	
	Fig.	 1.	 The	 isothermal	 dependence	 of	 configurational	 pressure	 on	 molar	 volume	 is	presented	in	Figs.	1a	and	1b	respectively	for	RLM	which	does	not	posses	dipole	moment	and	 those	with	 the	 dipole	moment.	 The	 scheme	 of	 the	 RLM	 construction	 is	 shown	 in	upper	 right	 corner	 of	 Figs.	 1a	 and	 1b	 (arrow	 depict	 dipole	 moment).	 The	 scaling	 of	volumetric	data	resulting	from	equation	(2)	is	show	in	Figs.	1c	and	1d	for	both	type	of	RLM.	The	slope	of	the	linear	dependence	is	identified	with	 γEOS 	parameter.	
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	Fig.	2.	The	density	scaling	of	diffusion	coefficients	is	presented	for	RLM	without	dipole	moment	 in	 Fig	 2a	 and	 for	 RLM	with	 dipole	 moment	 in	 Fig	 2b.	 The	 values	 of	 scaling	constant,	 γ ,	 are	 obtained	 from	 the	 log-log	 dependence	 of	 temperature	 on	 volume	 at	conditions	of	constant	diffusion	(
 
log [nm2 / s]/D( ) =−8 ),	which	are	presented	in	insets	
of	 Figs.	 2a	 and	 2b.	 The	 red	 line	 represents	 linear	 fit	 of	
 
logT − logυ
mol( ) ,	 the	 slope	 of	which	is	equal	to	density	scaling	constant,	 γ .		
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	Fig.	3.	The	resultant	interactions	potentials	for	main	interactions	governing	the	diffusion	process	(Fig.	3a)	and	changes	of	the	volume	during	compression	(Fig.	3b)	are	presented.	
 rCM 	denotes	 the	distance	between	 two	centers	of	 adjacent	molecules,	whereas	 rNA 	is	 a	distance	 between	 center	 of	 one	 RLM	 and	 the	 nearest	 atom	 of	 other	 RLM.	 Solid	 and	dashed	 lines	 represent	 fit	 of	 the	 inverse	 power	 potential	 with	 different	 values	 of	 m .	Schemes	 of	
 
U r
CM( ) 	and	 U rNA( ) 	calculation	 for	 one	 orientation	 of	 molecule	 (,	 which	potential	 is	 analyzed)	 are	 presented	 in	 frames.	 e ,	 f ,	 g 	are	 the	 distances	 between	 the	center	of	one	molecule	and	the	nearest	atom	of	neighboring	particle	
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METHODS:	In	Fig.	1a	and	1b	the	scheme	of	RLM	architecture	are	presented.	RLM	are	built	of	four	identical	atoms,	which	possess	carbon	atom	mass.	The	bonds	lengths	are	identical	and	equal	to	0.14982nm	(0.14nm	is	a	bonds	length	for	carbon	atoms	in	benzene	ring),	whereas	angles	between	bonds	are	set	to	make	one	diagonal	two	times	longer	than	the	other.	It	ensures	rhombus	shape	of	molecules	and	consequently	the	anisotropy	of	their	structure	 and	 interactions	 in	 three	 dimensions.	 The	 stiffness	 of	 bonds,	 angles	 and	dihedrals,	as	well	as	the	non-bonded	interaction	between	atoms	of	different	molecules,	have	been	set	by	OPLS	all-atom	force	 field51	parameters	provided	 for	carbon	atoms	of	the	 benzene	 ring.	 To	 keep	 simplicity	 of	 constructed	 quasi-real	 molecules	 as	 much	 as	possible,	we	decided	not	to	add	hydrogen	atoms.	That,	in	turn	implied	the	redefinition	of	atom	charges,	which	was	set	to	 0.0e 	( e 	is	an	elementary	charge)	for	RLM	without	dipole	moment.	 µ 	has	 been	 introduced	 by	 the	 change	 of	 the	 charge	 of	 appropriate	 atoms	 to	
 ±0.25e .	We	have	used	the	GROMACS	software52,	to	perform	standard	simulations	of	the	molecular	 dynamics	 for	 systems	 composed	 of	 2048	 RLM.	 Each	 simulation	 run	 was	conducted	at	constant	temperature	and	pressure	controlled	respectively	by	the	Nose-Hoover	 thermostat	 and	 Martyna-Tuckerman-Tobias-Klein	 barostat	 and	 last	 for	 a	relatively	 long	 time,	 i.e,	 1	 bilion	 of	 time-steps	 (  dt = 0.001ps ).	 The	 first	 half	 of	simulation	was	devoted	 for	equilibration	of	 the	system,	whereas	 the	volumetric	and	dynamic	data	have	been	collected	for	the	last	500	millions	time-steps.	Determinations	of	 γEOS 	and	 γ 	values	began	from	the	construction	of	perfect	FCC	lattice	crystal,	in	which	the	RLM	were	 inserted	 in	 the	place	of	 atoms.	 Subsequently,	we	heated	 the	 systems	at	constant	pressure	 (equal	 to	40,	 80,	 100,	 and	200	MPa)	 from	 the	 starting	 temperature	
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equals	 10K	 up	 to	 the	 temperature	 50K	 higher	 than	 the	 temperature	 at	 which	 step	increase	 in	 the	 volume	 was	 observed,	 indicating	 the	 melting	 of	 the	 crystal	 structure.	Then	we	started	 the	main	stage	of	our	experiment,	 i.e.,	we	performed	 isobaric	cooling	ended	 in	 the	 starting	 temperature.	 It	 is	 worth	 noting	 that	 during	 this	 process	 we	observed	 the	 characteristic	 for	 the	 glass	 transition	 by	 changes	 in	 the	 slopes	 of	 the	temperature	 dependences	 of	 the	 volume,	which	 take	 place	 at	 temperatures	 for	which	logarithm	 of	 inverse	 diffusion	 constant	 of	 molecules,
 
log 1/D ⋅ nm2 / s⎡⎣⎢
⎤
⎦⎥( ) ,	 are	 slightly	higher	 than	 -6.	 The	 values	 of	 diffusion	 constant	 ware	 calculated	 using	 GROMACS	software.	 To	 avoid	 analysis	 of	 not	 well-equilibrated	 or	 non-equilibrium	 systems,	 for	further	 studies	 we	 consider	 only	 those	 thermodynamic	 conditions,	 which	 are	characterized	 by	
 
log 1/D ⋅ nm2 / s⎡⎣⎢
⎤
⎦⎥( ) < −6 .	 Subsequently,	 the	 obtained	 temperature	dependences	of	
 
log [nm2 / s ]/D( ) 	have	been	approximated	by	 the	well-known	Vogel-Fulcher-Tammann	 equation,	 which	 enable	 precise	 estimation	 of	 temperatures	 for	 a	given	value	of	diffusion.		This	 simplification	 used	 for	 estimation	 of	
 
U r
CM( ) 	implies	 a	 calculation	 of	 three	different	 potentials	 (respectively	 for	 particular	 directions	 of	 RLM).	 Each	 potential	results	from	the	summation	of	the	LJ	interactions	originating	from	the	atoms	of	RLM.	As	it	was	mention	 in	 the	main	 text,	we	 assumed	 that	 the	 orientation	 of	 the	molecule	 on	which	forces	are	exerted	is	not	 important	for	the	diffusion	process,	which	is	related	to	the	 motion	 of	 the	 centers	 of	 the	 molecules.	 Hence,	 the	 point	 in	 space	 in	 which	 the	potential	 is	 determined	 could	 be	 identified	with	 center	molecule,	 see	 inset	 of	 Fig.	 3a.	Then	 the	 mean	 potential,	
 
U r
CM( ) ,	 is	 the	 arithmetic	 average	 of	 three	 considered	potentials	 for	 RLM	 (note	 that	 in	 Fig.	 3a	 only	 one	 case	 of	 shorter	 diagonal	 of	 RLM	 is	
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presented).	 For	 molecules	 which	 possess	 µ 	we	 enhanced	 all	 potentials	 with	 dipole-dipole	interactions	according	to	the	well-known	formula,	
 
U r( ) =−2µ4 / 3 4πε0( )
2
r
CM
6 kT 	,	
where	average	T	equal	to	110K	is	used	and	 ε0 	denotes	the	dielectric	permittivity	of	the	vacuum).4		The	 procedure	 used	 to	 estimate	
 
U r
NA( ) 	is	 more	 complicated	 because	 mutual	orientations	of	both	interacting	molecules	must	be	taken	into	account.	Considering	the	three	 most	 characteristic	 orientations	 of	 interacting	 molecules,	 we	 can	 estimate	 the	average	distance	between	center	of	the	one	molecule	and	the	nearest	atom	of	the	other	molecule,	 rNA .	 The	 schematic	 picture	 is	 presented	 in	 the	 inset	 of	 Fig.	 3b.	 It	 can	 be	observed	that	for	estimation	of	 rNA 	the	orientation	of	the	molecule,	which	exerts	forces	on	 approaching	 particle,	 is	 not	 necessary.	 Hence,	 we	 can	 consider	 only	 three	 cases,	which	leads	to	 rNA = (e + f + g)/ 3 ,	where	 e ,	 f ,	 g 	are	the	distances	between	the	center	of	molecule	and	the	nearest	atom	of	neighboring	particle,	see	Fig.	3b.		Nevertheless,	the	orientations	of	both	molecules	must	be	taken	into	account	for	estimation	of	the	effective	potential.	 Then	
 
U r
NA( ) 	can	 be	 calculated	 as	 an	 arithmetic	 average	 of	 nine	 different	potentials	resulted	from	three	characteristic	orientations	of	each	molecule	(the	dipole-dipole	 interactions	 could	 be	 calculated	 according	 to	 the	 formula	 presented	 in	 the	previous	paragraph).	 It	should	be	also	mentioned	that	 in	Fig.	3	the	range	of	 rCM (which	implies	 also	 range	 of	 rNA )	 is	 limited	 to	 the	 reasonable	 values,	 which	 results	 from	 the	mean	volume	of	single	molecules	at	studied	thermodynamic	conditions,	
 
r
CM
= V /N( )1/3 .		
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